This paper illustrates the impact of defective rates and inspection and defective removal strategies on the profitability of a manufacturing system. The use of simulation to assess cost of quality for justification of quality improvement is demonstrated.
.
Simulation can be used to assess the impact of defective rates of each operation on the overall profitability and productivity of the manufacturing system. Models can be constructed of the "as is" manufacturing system and of the system after proposed improvements and defective rate reductions are made. Performance measures obtained from these simulations can be converted to manufacturing costs and revenue and the profitability of each situation compared (Gardner, Grant, and Rolston, 1992) . Cost of quality is the difference in profitability bet}~een the "as is" and the improved situation.
A quality improvement effort can be justified if the increase in profitability is stiicient to cover the costs of implementation.
Simulation is flexible enough to model a wide variety of issues that arise with regard to quality and manufacturing.
Defective rates need not be constant. 
The Manufacturing System
To illustrate the issues associated with passing defective, the manufacturing system had to produce a product constructed of multiple subassemblies. The bill of materials for a folding chair, which is such a product, is illustrated in Figure 1 . Every item in the bill of materials has a routing with from one to seven operations.
The various parts and subassemblies use fifteen resource classes representing machines and labor used in the fabrication and assembly process. Each operation for each part and subassembly has a defective rate (possibly zero) associated with it.
Assumptions
The model was built under the following assumptions:
1. Defective rates are binomially distributed with constant mean. 2. The defective rate at a given operation is independent of preceding operations.
3. Once a part is defective it remains defective. 4. Selection of parts for assembly is independent of whether or not they are defective. 
Inspection and Defective Removal Strategies
The objective of all inspection and defective removal strategies is to maximize profitability by balancing cosl of inspection with cost of passing defective.
In these experiments, cost of inspection is primarily the cost of time spent inspecting product. 
Design of Experiments
The experiments test various inspection and defective removal strategies as summarized in Table 1 . Some of the defective rates shown in the table are unrealistic in a manufacturing environment, but they tmake a strong impression on students for teaching purposes. To simpli@ the design and reporting of the experiments, the same defective rate is applied to every operation in the manufacturing system for a given trial. Each trial consists of 30 runs of the simulation. Each simulation run represents one year of production, that is, 250 eight hour days of regular time. For each run, 250 orders of size 100 are released at random intervals ranging from 0.5 day to 1.5 days. Data collected includes: q setup and processing time for conversion to cost, q backlog which estimates overtime, and q throughput for conversion to revenue. Processing times are increased by a small amount at operations where defective are removed to reflect the time it would take for a machine operator to inspect his or her product and remove defective. Processing times are not increased for acceptance sampling because an additional worker is modeled to do the inspection in this case. For the acceptance sampling stralegy, the sample size is 10 ( 10'%oof the lot size) and the lot is 100% inspected if any defective are found. This means that the lot is rejected if 10% or more of the sample are defective.
Acceptance sampling is carried out prior to every assembly and at completion of the final product.
THE RESULTS
The results of each experiment were analyzed in Microsoft EXCEL.
The 90°/0 cont7dence interval was less than 2% of the mean for all performance measures except volume. The 90% cotildence interval for volume was the maximum of 2 units or 2°/0 of the mean.
Throughput
Throughput is the quantity of nondefective final product obtained at the end of a simulation run.
Throughput as a fraction of input is given in Table 2 and summarized in Figure  2 . Throughput is dramatically better for strategies 2, 3, and 4 than for strategy 1. Throughput is not significantly different for strategies 2 or 3 at any defective rate. Throughput for strategy 4 is also not significantly different at defective rates of 10/0or greater.
Manufacturing Costs
Manufacturing costs are obtained from simulation data by converting q operating time to wages, q product volume to direct materials, q backlog to overtime, and q machine time to utilities and other miscellaneous costs such as tool wear, lubricant cost, and indirect materials. Details of the conversion of simulation data to costs are described by Gardner, Grant, and Rolston (1992) .
The mean manufacturing costs for each experiment are given in Table 3 and summarized in Figure 3 . Manufacturing costs are relatively stable under strategy 1, but decrease greatly as defective are removed and fewer resources are wasted on processing defective as in strategies 2, 3, and 4. Differences in manufacturing costs are quite pronounced for all strategies. .
. 
Profitability
Profit is simply the difference between revenue and manufacturing costs.
In these experiments, it is assumed that all product manufactured is sold. Thus, revenue is the product of the volume of finished product and the selling price. Table 4 lists the profit generated by each experiment.
These results are summarized in the profitability curves of Figure 4 . The profitability results support the value of reducing defective rates. For each of the inspection and defective removal strategies, the maximum profit occurs when the defective rate is zero. Moreover, the maximum profit at a zero defect rate occurs when inspection and defective removal is minimized.
This agrees with Deming's third point which is to cease dependence on inspection and build quality into the process.
CONCLUSIONS
Simulation is a viable tool for assessing quality costs and evaluating quality improvement strategies. Quality costs can be defined in terms of the difference in profitability between the "as is" manufacturing system and the system after proposed improvements and defective rate reductions are made. These costs include lost profit, wasted materials, wasted resources, and wasted time in the production of defective parts. This waste can be quantiled by conversion of simulation performance measures into costs and profits, without actually having to incur the cost of making the improvement.
Quality improvement efforts can then be justified if the increase in profitability is sut33cient to cover the costs of implementation.
Gardner, L.L., M.E. Grant, and L.J. Rolston.
1992. 
